A palladium-catalyzed tandem carbocyclization-Suzuki coupling is described leading to the synthesis of trifluoromethylcontaining indenes in moderate to good yields. The reactions take place in the presence of palladium(II) acetate, a phosphoruscontaining ligand [dicyclohexyl(2′,4′,6′-triisopropylbiphenyl-2yl)phosphine] and potassium carbonate in toluene as the solvent. The process occurs via intramolecular carbocyclization and subsequent Suzuki coupling of the ortho-(2-chlorovinyl)-alkynylbenzenes with arylboronic acids.
Indene is a privileged structural motif that occurs widely in natural products, 1 pharmaceutical molecules 2 and functional materials, 3 as well as in metallocene complexes utilized in alkene polymerization. 4 As a consequence, a number of synthetic approaches have been developed for the construction of this carbocycle, 5 in particular, 1-methyleneindene. 6 Among them, transition-metal-catalyzed carboannulation of alkynes provides a straightforward access to the indene ring system. For example, Clark and Zhao developed a platinum-catalyzed Rautenstrauch reaction of propargyl carbonate for the regiodivergent synthesis of functionalized indene derivatives. 7 Larock and coworkers reported the palladium-or copper-catalyzed carboannulations of alkynylmalonates leading to indenes. 8 Trifluoromethylated compounds have wide applicability in pharmaceuticals, agrochemicals and organic materials, 9 however, examples of the selective synthesis of trifluoromethylated indenes are scarce. 10 Meanwhile, trifluoromethylation reactions have received intense attention due to the unique characteristics of the trifluoromethyl (CF 3 ) group. However, most procedures are based on the trifluoromethylation of prefunctionalized substrates (such as aryl halides and boronic acids), 11 or the direct trifluoromethylation of arenes, albeit with poor regioselectivity. 12 Alternatively, the transformation of synthons containing a trifluoromethyl group at the appropriate position is an effective method to target trifluoromethylated compounds. 13 In continuation of our interest in the synthesis of trifluoromethylated compounds, 14 we wanted to prepare trifluoromethyl-containing indene derivatives starting from our previously reported building blocks. 14d Herein, we report an efficient protocol for the synthesis of trifluoromethyl-containing indenes via the palladium-catalyzed tandem carbocyclization-Suzuki coupling of ortho-(2chlorovinyl)-alkynylbenzenes with arylboronic acids (Scheme 1).
Scheme 1 Palladium-catalyzed tandem carbocyclization-Suzuki coupling
We began our study by optimizing the conditions for the reaction between 1-(2-chloro-3,3,3-trifluoroprop-1-en-1yl)-2-(phenylethynyl)benzene (1a) (Z/E = 97:3) 15 and phenylboronic acid (2a) , and the results are summarized in Table 1 . Initially, treatment of substrate 1a with phenylboronic acid (2a) , palladium(II) acetate [Pd(OAc) 2 ], triphenylphosphine (PPh 3 ) (L1) and cesium carbonate (Cs 2 CO 3 ), in toluene at 80 °C for three hours, afforded the desired cyclized product 3 in 71% yield ( [11] [12] [13] , we found that the reaction yield increased to 90% in the presence of potassium carbonate (K 2 CO 3 ) ( Table 1, entry 13 ). Finally, the effect of different solvents was evaluated ( Table 1 , entries 14-17); much lower yields were obtained in polar solvents (MeCN, NMP, DMSO and DMF). A lower yield was observed when the reaction was carried out at 60 °C ( Table 1 , entry 18). With optimized reaction conditions established, the substrate scope of trifluoromethyl-containing building blocks and arylboronic acids was next examined (Table 2) . We initially investigated the reaction of 1-(2-chloro-3,3,3-trifluoroprop-1-en-1-yl)-2-(phenylethynyl)benzene (1a) with arylboronic acids 2b-l (Table 2, entries 1-11) . The results demonstrated that a wide range of arylboronic acids containing both electron-withdrawing and electron-donating groups were suitable substrates for the tandem reactions, which gave the corresponding indene products in moderate to excellent yields, and with high stereoselec-tivity. For example, para-or meta-methylphenylboronic acid gave the corresponding E-isomers as the major products in 84% and 77% yields, respectively (Table 2 , entries 1 and 2). Similar results were obtained with methoxy-substituted phenylboronic acids 2d and 2e (92% and 89% yields, Table 2 , entries 3 and 4). Chlorinated and fluorinated phenylboronic acids 2f and 2g provided exclusively the E-isomeric products in 51% and 75% yields ( Table 2, entries 5 and 6) . In contrast, moderate yields were obtained in the presence of arylboronic acids possessing electron-withdrawing groups such as acetyl, trifluoromethyl, cyano or nitro (Table 2, entries 7-10). As expected, naphthalen-1-ylboronic acid (2l) underwent the tandem process with 1a to give E-14 exclusively, in 42% yield (Table 2, entry 11). Subsequently, the reactions of various trisubstituted arenes 1b-d with phenylboronic acid (2a) were examined ( Table 2, entries 12-14) . The tandem reactions of trisubstituted arenes bearing a methyl, methoxy or fluoro group proceeded smoothly under the standardized conditions. For example, substrate 1c possessing a 4-methoxy group, was treated with 2a, palladium(II) acetate, L5 and potassium carbonate in toluene to afford the desired product in 98% yield ( Table 2, entry 13) . Finally, substrates with substituted aromatic groups on the alkyne were investigated ( Table 2, entries 15-19) . The results revealed that the presence of both electronwithdrawing and electron-donating aryl groups was compatible under the optimized conditions. For example, substrates 1e and 1h, bearing a methoxy and cyano group respectively, gave the desired indenes 7 and 12 in 87% and 86% yields (Table 2, entries 15 and 18).
The excellent stereoselectivity obtained for product 8 (Table 2, entry 16) suggested that the E-isomer of the intermediate alkenylpalladium complex underwent the Suzuki coupling reaction; the configuration of product 8 as the Zisomer in this case was confirmed by single crystal X-ray diffraction analysis ( Figure 1 ). Comparison of the 1 H NMR spectroscopic data of both the E-isomer (Table 2, entry 5) and Z-isomer (Table 2, entry 16) of product 8 showed that the signals due to the E-isomer resonated at higher chemical shifts. Therefore, the Z/E ratios of all the products could be determined by 1 H and 19 F NMR spectroscopy.
Based on the present results and a previously reported mechanism, 16 a possible route for this reaction can be proposed (Scheme 2). Initially, the palladium(0) species is generated in situ by reduction of palladium(II) acetate by the phosphorus ligand. Oxidative addition of the metal to substrate 1 then affords intermediate A. Intramolecular addition of palladium(II) across the triple bond can then provide alkenylpalladium complex B. Next, transmetallation with the arylboronic acid in the presence of potassium carbonate would lead to intermediate C. 17 Finally, reductive elimination of palladium from species C affords the desired indene (3-18) and regenerates the palladium(0) species. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
Figure 1
Single crystal X-ray structure (ORTEP diagram) of the Zisomer of compound 8
In summary, we have developed an efficient method for the synthesis of trifluoromethyl-containing indenes. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
trometer using CDCl 3 as the solvent and tetramethylsilane (TMS) as the internal standard. Chemical shifts (δ) are given in ppm relative to TMS; the coupling constants J are given in Hz. 19 F NMR data are reported relative to CFCl 3 as the internal standard. Low-resolution mass spectra were recorded on a Shimadzu GCMS QP2010 (plus) spectrometer. High-resolution mass spectra were recorded on Bruker micro TOF QII ESI-Q-TOF mass spectrometer.
2-Trifluoromethylindenes 3-18; General Procedure
A mixture of ortho-(2-chlorovinyl)alkynylbenzene 1 15 (0.2 mmol), Pd(OAc) 2 (2.3 mg, 5 mol%), dicyclohexyl(2′,4′,6′-triisopropylbiphenyl-2-yl)phosphine (L5) (9.5 mg, 10 mol%), K 2 CO 3 (55.2 mg, 0.4 mmol) and arylboronic acid 2 (0.24 mmol) in toluene (2 mL) was stirred at 80 °C under an N 2 atm for 3 h, or until complete consumption of the starting material as monitored by TLC or GC-MS. The resulting mixture was added to EtOAc (10 mL) and evaporated under vacuum. The residue was purified by flash column chromatography (PE-EtOAc) to afford the desired products 3-18.
1-(Diphenylmethylene)-2-(trifluoromethyl)-1H-indene (3)
Yield : 13 C NMR (125 MHz, CDCl 3 ): δ = 152. 6, 142.8, 142.3, 138.8, 138.4, 137 .3 (q, J C-F = 6.0 Hz), 133.2, 131.6 (q, J C-F = 3.4 Hz), 131.0, 130.8, 129.9, 129.1 (q, J C-F = 40.6 Hz), 128. 8, 128.6, 127.5, 127 .4 (q, J C-F = 2.4 Hz), 127. 1, 126.9, 124.4, 122.9 (q 8, 152.5, 142.5, 138.7, 138.5, 136 .5 (q, J C-F = 6.0 Hz), 135. 1, 133.2, 132.8, 131.7, 130 .0 (q, J C-F = 33.4 Hz), 129.0, 127.3, 126.8, 126.7, 124.0, 123. 6, 141.9, 141.2, 138.9, 138.0, 137.7 (q, J C-F = 6.0 Hz), 135. 5, 133.6, 132.0, 131.2, 130 .2 (q, J C-F = 43.5 Hz), 129. 1, 129.0, 127.5, 127.4, 127.1, 124.2, 122.7 (q 197.7, 150.3, 147.4, 141.5, 138.9, 138 .2 (q, J C-F = 6.1 Hz), 137. 7, 137.1, 134.0, 131.4, 130.9, 130.6, 129.9 (q 7.71-7.61 (m, 2 H), 7.51 (s, 1 H), 7.46-7.43 (m, 2 H), 7.40-7.38 (m, 4 H), 7.21-7.16 (m, 3 H), 6.99-6.94 (m, 1 H), 6.37 (d, J = 8.0 Hz, 0.23 H), 6.34 (d, J = 7.5 Hz, 0.77 H) . 13 C NMR (125 MHz, CDCl 3 ): δ = 149. 1, 147.3, 141.7, 139.1, 138.7 (q, 137.4, 134.5, 132.5, 131.3, 131.1, 130.0, 129.2, 129.0 (q, 127.7, 127.3, 124.2, 122.9, 122.5 (q, 118.4, 112.7. 19 6, 148.1, 143.4, 141.6, 139.1, 138 .6 (q, J C-F = 6.1 Hz), 136. 5, 134.8, 131.5, 131.1, 130.1, 129.2, 128.7 (q, 128.5, 127.9, 127.5, 125.6, 124.5, 123.9, 122.8, 122 .3 (q, J C-F = 267.6 Hz). 19 4, 142.1, 140.4, 138.6, 138.4 (q, J C-F = 6.1 Hz), 137. 7, 134.9, 133.9, 131.0, 130.4, 130.0, 129.5 (q, J C-F = 33.8 Hz), 129.0, 128. 6, 128.3, 127 .4 (q, J C-F = 11.5 Hz), 127.3, 127.2, 126.9, 126.3, 125.8, 125.5, 124.3, 122 7, 143.0, 142.2, 138.6, 137.5 (q, J C-F = 6.1 Hz), 136. 8, 136.4, 133.4, 131.0, 130.4, 129.1 (q, 129.0, 128.7, 128.6, 128.0, 127.4, 125.3, 122 (d, J = 7.5 Hz, 2 H), 6.90-6.86 (m, 1 H), 6.04-6.01 (m, 1 H). 13 13 C NMR (125 MHz, CDCl 3 ): δ = 160. 5, 152.5, 143.0, 138.7, 138.5, 136 .6 (q, J C-F = 6.0 Hz), 135.0, 133.2, 132.6, 131.0, 130.1 (q, J C-F = 44.1 Hz), 129.4, 128.6, 126.8, 126.7, 124.1, 122.4, 120.9 (q, J C-F = 268.3 Hz), 112.9, 55.2. 19 F NMR (470 MHz, CDCl 3 ): δ = -53.9 (2.9 F), -54.1 (0.1 F). 13 C NMR (125 MHz, CDCl 3 ): δ = 150. 6, 142.4, 140.6, 138.8, 138.1, 137.8 (q, J C-F = 6.1 Hz), 135. 1, 133.7, 132.4, 130.5, 129.7 (q, 129.4, 128.8, 127.8, 127.4, 127.1, 124.3, 122.8 (q 
1-[Phenyl(m-tolyl)methylene]-2-(trifluoromethyl)-1H-indene (5) (

1-[(4-Methoxyphenyl)(phenyl)methylene]-2-(trifluoromethyl)-1H-indene (7) (
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(E)-1-[(4-Fluorophenyl)(phenyl)methylene]-2-(trifluoromethyl)-1H-indene (9) (
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